Myelin oligodendrocyte glycoprotein (MOG), which is expressed on the surface of myelin sheaths in the CNS, is targeted by antibodies (MOG-immunoglobulin G \[IgG\]) in inflammatory demyelinating disorders,^[@R1],[@R2]^ including MS, acute disseminated encephalomyelitis (ADEM), neuromyelitis optica spectrum disorder (NMOSD), and optic neuritis, although positive rate is very low in MS.^[@R1],[@R3],[@R4]^ However, clinical, radiologic, CSF, and prognostic features in patients with seropositive MOG-IgG are distinct from those in patients with seropositive AQP4-IgG NMOSD, seronegative NMOSD, or MS.^[@R5][@R6][@R7]^ With the aid of serum MOG-IgG detected by transfected cell-based assay, seropositive MOG-IgG demyelinating disorders are now classified as a separate disease entity with distinct diagnostic criteria.^[@R2],[@R8]^

Patients with MOG-IgG-associated disorders (MOGADs) exhibit a predominantly relapsing and often severe disease course from 36% relapse rate in a median 16-month to 80% in a mean 75-month follow-up period.^[@R9],[@R10]^ Many patients do not completely recover from the onset attack, with 47% of patients having permanent disability.^[@R10]^ Although the long-term immunosuppression therapy seemed to reduce relapse risk, there is a lack of prospective data and large sample studies.^[@R9],[@R10]^ In view of the heterogeneity of the treatments given, there is still a need to define an optimal strategy, especially considering that the relapse rate of treated patients is still too high.^[@R9]^ Therefore, prophylactic long-term treatments remain insufficiently effective, with little evidence for the ability of long-term therapy to reduce relapse risk among patients with MOGAD. Here, we conducted a prospective observational cohort study of patients with MOGAD to determine the association of relapse risk and the use of mycophenolate mofetil (MMF) because the efficiency and safety of MMF has been confirmed in patients with NMOSD.^[@R11],[@R12]^

Methods {#s1}
=======

Study design and patients {#s1-1}
-------------------------

Patients enrolled in the Peking Union Medical College hospital MSNMOBase database^[@R12]^ were followed up prospectively in the period of 2017--2019, after undergoing a MOG-IgG laboratory test ([figure 1](#F1){ref-type="fig"}). Participating patients were included into the MOG cohort when they met all the following criteria: (1) clinical presentation of ADEM, optic neuritis (including chronic relapsing inflammatory optic neuropathy), transverse myelitis, and/or brain or brainstem syndrome compatible with demyelination; (2) serum positive for MOG-IgG by a fixed cell-based indirect immunofluorescence test (IIFT); (3) exclusion of alternative diagnoses based on clinical features, serum and CSF results, and imaging findings; and (4) diagnosis of MOG-IgG-associated disorder confirmed by a neurologist.

![Selection of patients\
AZA = azathioprine; MMF = mycophenolate mofetil; MOG-IgG = myelin oligodendrocyte glycoprotein immunoglobulin G.](NEURIMMINFL2019024935f1){#F1}

The Institutional Review Board of Peking Union Medical College Hospital approved this study and confirmed that it did not meet the definition of human subjects research under the common law because deidentified data were analyzed, which waived the need for informed consent.

Procedures {#s1-2}
----------

Patient data including sociodemographic information, clinical events, medical history, Expanded Disability Status Scale (EDSS) score, prescriptions, imaging, and results of serum and CSF tests were prospectively collected at the time of MSNMOBase enrollment. If a patient was suspected of having a MOGAD by a neurologist, serum MOG-IgG was detected by IIFT (FA 1156-1010-50; Euroimmun AG, Lüebeck, Germany) using full-length human MOG transfected into EUROIMMUN 90 cells.^[@R13]^ Owing to the recommended semiquantitative evaluation for the IIFT methodology, MOG-IgG titers were determined according to their fluorescence of the different sample dilutions.

On January 1, 2017, the board of neurologists (leader), ophthalmologists, and pediatricians on MOGAD was established. Participating patients in the MOG cohort received either MMF or non-MMF on to the decisions of the patient or their guardians after a complete and thorough discussion with the board. According to the purpose of this study, patients who rejected MMF but chose azathioprine (AZA) as an alternative were excluded. Thus, the participating patients in the MOG cohort were divided into 2 therapeutic groups, those with and without MMF therapy, i.e., MMF + and MMF−, respectively ([figure 1](#F1){ref-type="fig"}). Besides, all patients in the MOG cohort were given standard of care (see below). The index date (i.e., start of the follow-up) was defined as the date when the patient was diagnosed with an MOGAD. We regarded the onset prior and closest to the index date as the "index onset."

We did clinic follow-up every 6 months after index date. Information was collected at each time on relapse, EDSS, and results of serum tests. Images of the brain and spinal cord were scanned annually. Adverse effects were also monitored regularly. All available information gathered from assessments was reviewed by the neurologist. The endpoint of a follow-up in our analysis was on April 30, 2019.

Assessment of relapse {#s1-3}
---------------------

The primary outcome was relapse, which was defined as a neurologic disturbance for at least 24 hours in the absence of other identifiable causes such as fever or infection, occurring more than 1 month after index onset and confirmed by a neurologist. The definition of relapse was based on the diagnostic criteria for MS and NMOSD and clinical judgment.^[@R14],[@R15]^

Standard of care {#s1-4}
----------------

Standard of care was defined as relatively fixed therapy in the acute or remission stage of the index onset. Standard of care included IV high-dose methylprednisolone, IV immunoglobulin, or a combination thereof in the acute phase, followed by tapering of oral prednisone in the remission stage (table e-1, [links.lww.com/NXI/A223](http://links.lww.com/NXI/A223)). Patients in the MMF+ and MMF− groups received the same tapering strategy of oral prednisone in the remission stage.

MMF therapy {#s1-5}
-----------

MMF therapy was defined as the administration of MMF after the index date and lasting more than 14 days continuously. For adults, standard MMF therapy was 0.75 g twice per day (1.5 g per day). For children (\<14 years), standard MMF therapy was calculated and adjusted by body surface area (600 mg per m^2^) twice per day (fixed to 1.5 g per day if the maximum dose calculated by body surface area exceeded 1.5 g per day).

Potential confounders {#s1-6}
---------------------

Children were considered \<14 years of age, and adults were considered ≥14 years of age. MOG-IgG titers of ≥1:100 and \<1:100 were defined as high and low, respectively. Prodromes were divided into 3 groups: none, preceding infection/vaccination, or other (e.g., fatigue and pregnancy). According to the symptoms and neurologic examination, onset attacks were classed as pure optic neuritis, pure cerebrum involvement, pure spinal involvement, or other (e.g., brainstem syndrome; table e-1, [links.lww.com/NXI/A223](http://links.lww.com/NXI/A223)). Disease course at index onset was divided into 2 subgroups: first (only one attack before index date) or nonfirst onset (≥2 attacks before index date). The annualized relapse rate (ARR) before the index date was calculated by dividing the number of relapses by time in years. ARR was classified into 3 levels: 0, \<3.0, or ≥3.0 (table e-1, [links.lww.com/NXI/A223](http://links.lww.com/NXI/A223)).

Sample size {#s1-7}
-----------

The primary analysis was performed using the Cox proportional hazards model to assess the efficacy of MMF therapy on relapse as the outcome measure. Hence, power calculation described by Rosner et al. and Freedman et al. was used.^[@R16],[@R17]^

Based on the studies by Huh et al. and Jarius et al.,^[@R9],[@R11]^ the relapse rates assumed in the MMF+ group and MMF− group were 24% and 60%, respectively. By considering the size ratio of the MMF+ to MMF− groups as 2 to 1, this study assumed a sample size of 42 and 21 in the MMF+ group and MMF− group, respectively. Then, we further assumed a postulated hazard ratio (HR) of 0.3 and a type I error rate of 0.05; this study had more than 90% power to detect a HR of 0.3 or lower.

Statistical analysis {#s1-8}
--------------------

Continuous variables with non-normal distributions were presented as median and interquartile range (IQR), and categorical variables were presented as frequencies and percentages. Independent categorical and continuous variables with non-normal distributions were compared between the MMF+ and MMF− groups with χ^2^ and Mann-Whitney U tests, respectively. Continuous variables with normal distributions were compared with *t* tests.

The Cox proportional hazards model was performed to assess the association between the prescriptions of MMF therapy and relapse rate. Confounders were evaluated by the change in estimate approach.^[@R18]^

We also assessed whether the association between MMF therapy and relapse differed between the following subgroups: children vs adults at index date, men vs women, high vs low MOG-IgG titer, prodrome type, onset type, time from first onset to index date, and first vs nonfirst onset disease course. Stratified Cox proportional hazards regressions were conducted for subgroup analysis. All statistical tests were two-sided, with a significance level of *p* \< 0.05. Statistical analyses were conducted using SPSS version 26.0 (IBM).

Data availability {#s1-9}
-----------------

The data that support the findings of this study are available from the corresponding author on reasonable request.

Results {#s2}
=======

Patient characteristics {#s2-1}
-----------------------

Seventy-nine patients from MSNMOBase were enrolled ([figure 1](#F1){ref-type="fig"}). The baseline characteristics of the overall cohort, MMF+ group, and MMF− group are presented in [table 1](#T1){ref-type="table"}. Median age on index date was 19.0 years (IQR, 10.0--30.0 years), and 47 patients (59.5%) were women. Patients in the MMF+ group were slightly older than those in the MMF− group, whereas other demographic characteristics, clinical features, MOG-IgG titer, and follow-up times were comparable between groups ([table 1](#T1){ref-type="table"}). Most patients with nonfirst onset disease course received heterogenous and irregular prednisone therapy before index date (100.0% in the MMF− group and 97.6% in the MMF+ group, *p* = 1.000), but only 3 patients had cyclophosphamide/AZA therapy (1 in the MMF− group and 2 in the MMF+ group, *p* = 1.000). The previous therapies before index date were also comparable between the MMF+ and MMF− groups among all patients (data not shown).

###### 

Clinical and serologic characteristics of the patients with MOG-IgG-associated disorders
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After index date, 25 patients (100.0%) in the MMF− group and 47 (87.0%) in the MMF+ group received formulary standard tapering prednisone therapy ([table 1](#T1){ref-type="table"}). While in the MMF+ group, 1 patient (1.9%) modified prednisone for suspected new lesion on brain MRI, 2 (3.7%) stopped taking prednisone, and the other 4 patients (7.4%) did not receive prednisone therapy. The prednisone therapy and its tapering time were comparable between 2 groups ([table 1](#T1){ref-type="table"}). The antibody\'s rates of negative transformation, persistent seropositivity, and undetermined status were 24.0%, 20.0%, and 56.0% in the MMF− group, and 16.7%, 53.7%, and 29.6% in the MMF+ group (*p* = 0.017). The mean intervals of negative transformation were 230.8 days in the MMF− group and 196.8 days in the MMF+ group (*p* = 0.733).

Overall outcomes {#s2-2}
----------------

The relapse rates in the MMF− and MMF+ groups were 44.0% (11/25) and 7.4% (4/54), respectively. Median follow-up times for the MMF− and MMF+ groups were 261.0 and 472.5 days, respectively. The time from index date to relapse in the MMF− group (mean, 118.5 days) was similar to that in the MMF+ group (mean, 114.3 days) ([table 1](#T1){ref-type="table"}). Most relapse events in the MMF− group (81.8%) and the MMF+ group (75.0%) occurred within the first 200 days after the index date. For the MMF+ group, the median delay from the index date to receiving therapy was 21 days and delay times were comparable between relapse (median, 15.5 days) and nonrelapse (median, 22.5 days) groups (*p* = 0.427). One (1.9%) patient in the MMF+ group discontinued MMF because of adverse effects (decreased neutrophilia count: 0.89\*10^9^/L). The numbers needed to treat were 2.7.

Predictors of relapse {#s2-3}
---------------------

The Kaplan-Meier curves of survival free of relapse are shown in [figure 2](#F2){ref-type="fig"}. The unadjusted Cox model indicates that MMF therapy markedly reduced the likelihood of relapse (HR = 0.14, 95% CI, 0.05 to 0.45, *p* = 0.001; [table 2](#T2){ref-type="table"}). This association remained significant after adjusting for age type (i.e., children vs adults) at index date, sex, disease course, and initial level of MOG-IgG titer (HR = 0.08, 95% CI, 0.02--0.28, *p* \< 0.001).

![Kaplan-Meier curves showing the probability of survival free of relapse in patients with an MOG-IgG-associated disorder\
Log-rank test: *p* \< 0.001. Tick marks indicate censored patients. MMF = mycophenolate mofetil; MOG = myelin oligodendrocyte glycoprotein.](NEURIMMINFL2019024935f2){#F2}

###### 

Cox regression models for MMF therapy and relapse in patients with MOG-IgG-associated disorders
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Age type at first onset, age type at index date, sex, prodrome to first onset, first onset type, disease course, ARR, and time from first onset to the index date were not associated with relapse, as determined by the log-rank tests (tables e-2, [links.lww.com/NXI/A223](http://links.lww.com/NXI/A223)).

Of 79 patients, including 2 with missing data, 29 (37.7%) had a low MOG-IgG titer and 48 (62.3%) had a high MOG-IgG titer. Compared with a low titer, a high titer was not associated with relapse, as determined by a log-rank test. Demographic characteristics, clinical factors, and testing time were comparable between patients with low vs high titers, as was treatment types in the acute phase (table e-3, [links.lww.com/NXI/A223](http://links.lww.com/NXI/A223)). In the multivariable Cox regression model shown in [table 2](#T2){ref-type="table"}, the HR for relapse in patients with a high titer compared with those with a low titer was 2.05 (95% CI, 0.54--7.79, *p* = 0.291).

Subgroup analyses {#s2-4}
-----------------

The results of subgroup analyses are presented in [figure 3](#F3){ref-type="fig"}. The reduction in relapse rate with MMF was consistent across all major subgroups. There were no significant interactions for any of the subgroups, although the power to detect significant interactions might have been limited by the number of patients. Although not statistically significant, MMF tended to be more effective in adults at index date and in patients who had a first onset with preceding infection/vaccination, pure optic neuritis at first onset, or a high MOG-IgG titer. The association between MMF therapy and relapse did not vary by sex or time from the first onset to index date.

![HRs for relapse in subgroup analyses\
(A) Other includes 3 patients who were pregnant/lactating and 7 with fatigue/poor sleep/tension. (B) Other includes 9 with cerebellum/brain stem involvement, 4 with optic neuritis and cerebrum involvement, 3 with myelitis and cerebrum involvement, 2 with optic neuritis and myelitis, 2 with cerebellum/brain stem and cerebrum involvement, and 2 with meningitis. (C) 0: patients with 1 attack before the index date; \<3.0: patients with ≥2 attacks before the index date and ARR \<3.0; ≥3.0: patients with ≥2 attacks before the index date and ARR ≥3.0. (D) Two missing datapoints. ARR = annualized relapse rate; HR = hazard ratio; MMF = mycophenolate mofetil; MOG = myelin oligodendrocyte glycoprotein.](NEURIMMINFL2019024935f3){#F3}

Sensitivity analyses {#s2-5}
--------------------

Two patients had the index onset under the months\' therapy of AZA and continued AZA after index onset, which might affect the efficacy of MMF because both were in the MMF+ group. Thus, we performed a log-rank test and Cox regression analysis excluding both patients. Sensitivity analysis including 77 patients showed that MMF markedly reduced the relapse risk (HR = 0.11, 95% CI, 0.03--0.39, *p* = 0.001). In addition, to exclude the bias of nonstandard prednisone therapy, Cox regression analysis were conducted in 72 patients with standard tapering prednisone therapy (25 in the MMF− and 47 in the MMF+ group). Sensitivity analysis showed that MMF still predicted a lower relapse risk (HR = 0.17, 95% CI, 0.05--0.52, *p* = 0.002). The HR was still lower in the MMF+ group (HR = 0.10, 95% CI, 0.03--0.33, *p* \< 0.001), adjusted for age type at index date, sex, disease course, and level of initial MOG-IgG titer.

Discussion {#s3}
==========

In this prospective observational cohort study including patients with MOGAD, we found that long-term MMF therapy reduced the risk of relapse by 86.0% with a median follow-up time of 400.0 days compared with treatment without MMF. Adverse effects were rare and detectable via regular monitoring. Unlike the relatively standard therapeutic regimen in patients with NMOSD,^[@R19]^ studies of long-term treatments for MOGAD have evaluated AZA, cyclophosphamide, methotrexate, interferon-beta, rituximab, mitoxantrone, ciclosporin, and tacrolimus and have reported varied or controversial outcomes for small numbers of patients, thus providing little evidence of therapy efficacy.^[@R7],[@R9],[@R10],[@R20]^ For example, Ramanathan et al.^[@R21]^ reported that patients with MOGAD were highly responsive to steroids and also steroid-dependent. MMF tended to reduce relapse risk, but only with concurrent use of steroids. In addition, a study by Zhou et al.^[@R22]^ showed that immunosuppression therapy was effective in reducing relapse but was limited to heterogenous therapeutic regimens and by a small sample size (23 patients). In addition, previous studies on reducing the relapse risk were all limited to retrospective analysis. As the optimal long-term therapy remains inconclusive,^[@R22],[@R23]^ our prospective study suggests a new approach to effectively prevent relapse.

In our study, nearly half of the patients not receiving MMF suffered relapse, similar to previous reports (36%--60%).^[@R9],[@R10]^ However, patients who were under MMF therapy showed a much lower relapse rate than those reported by other studies, such as 22%--26% in the UK,^[@R10]^ 20% in France,^[@R24]^ 42.1% in China,^[@R22]^ and 53.5% in the United States,^[@R20]^ with median follow-up times of 16 months, 2, 2.3 , and 5 years, respectively, probably because of the differences between the studies in treatment regimens and the concomitant use of oral prednisone.^[@R20]^ However, prednisone alone was unable to lower the relapse risk in our study. The time from index onset to relapse was similar to that in the previous studies (5--9 months).^[@R2],[@R9]^ Although a UK study reports that patients younger than 20 years or with pure optic neuritis show a tendency to relapse,^[@R10]^ relapse risk in our study was not influenced by age type or first onset type.

Jurynczyk et al.^[@R10]^ found that prednisone tapering more than 6 months was able to reduce the relapse rate. In our study, the duration and dosage of prednisone before index date were heterogenous and unregular, which was a possible bias to our results. However, there were no differences in the dosage and durations of prednisone between 2 groups after index date, as were its usage rate before index date.

The serum titer of MOG-IgG is associated with age, onset type, therapy in the acute phase, and disease activity and also predicts prognosis.^[@R3],[@R25],[@R26]^ The negative transformation of antibody predicts good prognosis,^[@R2]^ whereas high titers predict a recurrent disease course.^[@R27]^ All possible confounders in our study were comparable between high and low MOG-IgG titer groups. We speculate that the titer is reflective of disease activity. Different from previous reports,^[@R2],[@R27]^ the titer level was not associated with the relapse risk. However, the effect of MMF seemed more pronounced in patients with a high initial titer, although this requires further studies for confirmation. In addition, we noticed that the transient seropositivity of MOG-IgG rarely experienced relapse^[@R2]^; the negative transformation rate in the MMF− group was higher than that in the MMF+ group (24.0% vs 16.7%), which probably underestimate the effect of MMF in our study.

Hacohen et al.^[@R20]^ found that children with relapsing MOGAD were refractory to interferon-beta and glatiramer but responsive to MMF, AZA, rituximab, and oral prednisolone, with a significant reduction in ARR. Our study confirmed that a relapsing course at the index date was not associated with subsequent relapse risk, and MMF showed a consistent effect across the subgroups with different ARRs. In addition, patients with both long and short disease durations responded well to MMF, which has not been previously reported.^[@R9],[@R20]^

Our study confirms the efficacy of MMF reported by previous retrospective studies with small numbers of patients^[@R20],[@R24]^ and shows that MMF therapy was the only predictor of relapse. Standard treatment with prednisolone not only reduces relapse risk^[@R10],[@R20]^ but also limits the risk of MMF failure.^[@R24]^ Furthermore, we found that patients with pure optic neuritis, prodromal infection, or a higher MOG-IgG titer seemed more responsive to MMF, which have not been reported. However, our study could not demonstrate that MMF is superior to other immunosuppressants. For instance, AZA and rituximab are still reasonable choices.^[@R9],[@R10],[@R20]^ Although more than 3 months of immunosuppression therapy is associated with a lower relapse risk,^[@R10]^ the underlying mechanism and the proper timing of immunosuppressant cessation remain inconclusive.^[@R23],[@R28],[@R29]^ Further studies on the role of B cells and its pathology during MMF therapy possibly provided new clues to optimize the MMF regimen.^[@R30]^

The EDSS of both groups were lower than that in other studies.^[@R9],[@R10]^ We speculate 2 reasons: (1) Chinese might respond well to immunosuppressants, as another study in China showed lower EDSS than that in the non-Chinese cohort^[@R9],[@R10],[@R22]^; and (2) our study had shorter follow-up times than other studies,^[@R9],[@R10]^ which might have less relapses.

In analysis, all our patients were examined using the diagnostic criteria for MOGAD proposed by Pittock et al.^[@R2]^ and Jarius et al.,^[@R8]^ and all met the above 2 diagnostic criteria. Therefore, the results of our study are not restricted to our cohort but may be generalizable to a larger population of patients with MOGAD.

Recently, Waters et al.^[@R31]^ reported that clinical specificity for IIFT and live assays is 98.1% and 99.6%--100%, respectively, but both methods are internationally recommended.^[@R8]^ The positive predictive values of the commercial IIFT were lower than that of live assays, indicating a higher number of false positive results but was within an acceptable range. Because live assays are not economical or practical for routine diagnosis, we used IIFT with a MOG antibody in this real-world clinical study.

The imbalance follow-up times is a bias that usually leads to spurious difference in relapse between the MMF + and MMF− groups. Theoretically, more relapse events were expected to observe in the MMF+ group, which had a longer median duration of follow-up. However, the observed data showed the opposite (11 relapse events for MMF− and 4 relapse events for MMF+), which indicated that the follow-up time of the MMF+ group had negative association with relapse events in patients with MOGAD.

Our study had several limitations. First, it was an observational study, and its results could be biased by baseline patient characteristics, such as age. We were also unable to exclude a placebo effect. Second, the detection of associations between other confounders and relapse might have been limited by the relatively small number of patients. Thus, the results of subgroup analyses should be interpreted cautiously, and further studies with larger patient populations and longer follow-ups are needed. Third, we noticed that almost 90% of patients in the MMF+ group were using prednisone concomitantly, and we could not completely exclude the synergetic effect of prednisone on MMF, although standard therapy was given on both groups. Finally, considering the adverse effects of prednisone among children and teratogenicity of MMF in pregnant women,^[@R32],[@R33]^ neurologists must balance its benefits and risks in clinical practice because the follow-up time in our study might not have been sufficient to detect all adverse effects.

Despite some limitations, this prospective observational study suggests that the use of MMF therapy may reduce the risk of relapse in patients with MOGAD. A future large randomized controlled trial with long-term follow-up is needed to evaluate the safety and efficacy of MMF in patients with MOGAD. It is also important to elucidate the mechanisms underlying the association between MMF and reduced relapse risk to optimize MMF therapy.
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